Background: Hemidiaphragmatic paresis after ultrasound-guided interscalene brachial plexus block is reported to occur in up to 100% of patients. We tested the hypothesis that an injection lateral to the brachial plexus sheath reduces the incidence of hemidiaphragmatic paresis compared with a conventional intrafascial injection, while providing similar analgesia. Methods: Forty ASA I-III patients undergoing elective shoulder and clavicle surgery under general anaesthesia were randomized to receive an ultrasound-guided interscalene brachial plexus block for analgesia, using 20 ml bupivacaine 0.5% with epinephrine 1:200 000 injected either between C5 and C6 within the interscalene groove (conventional intrafascial injection), or 4 mm lateral to the brachial plexus sheath (extrafascial injection). The primary outcome was incidence of hemidiaphragmatic paresis (diaphragmatic excursion reduction >75%), measured by M-mode ultrasonography, before and 30 min after the procedure. Secondary outcomes were forced vital capacity, forced expiratory volume in 1 s, and peak expiratory flow. Additional outcomes included time to first opioid request and pain scores at 24 h postoperatively (numeric rating scale, 0-10). Results: The incidences of hemidiaphragmatic paresis were 90% (95% CI: 68-99%) and 21% (95% CI: 6-46%) in the conventional and extrafascial injection groups, respectively (P<0.0001). Other respiratory outcomes were significantly better preserved in the extrafascial injection group. The mean time to first opioid request was similar between groups (conventional: 802 min [95% CI: 620-984 min]; extrafascial: 973 min [95% CI: 791-1155 min]; P=0.19) as were pain scores at 24 h postoperatively (conventional: 1.6 [95% CI: 0.9-2.2]; extrafascial: 1.6 [95% CI: 0.8-2.4]; P=0.97). Conclusions: Ultrasound-guided interscalene brachial plexus block with an extrafascial injection reduces the incidence of hemidiaphragmatic paresis and impact on respiratory function while providing similar analgesia, when compared with a conventional injection. Clinical trial registration: NCT02074397.
Editor's Key Points
• Hemidiaphragmatic paresis is common after interscalene brachial plexus block, potentially adversely effecting respiratory function.
• Strategies to reduce this side-effect would improve utility of the block.
• This prospective study assessed the effect of two different ultrasound guided approaches on hemidiaphragmatic paresis, Extrafascial injection significantly reduced hemidiaphragmatic paresis and respiratory dysfunction, with well maintained analgesia.
• This approach warrants further study to clarify its role in upper limb regional blockade.
Interscalene brachial plexus block (ISB) provides effective analgesia after shoulder surgery 1 but causes hemidiaphragmatic paresis in up to 100% of patients, because of local anaesthetic spread to the phrenic nerve traveling along the anteromedial surface of the anterior scalene muscle. 2 3 This side-effect potentially undermines the benefit of regional anaesthesia for patients suffering from moderate to severe respiratory dysfunction. 4 5 Attempts to reduce the rate of hemidiaphragmatic paresis associated with ISB have been inconsistent. [6] [7] [8] Besides hemidiaphragmatic paresis, ISB is also associated with the highest rate of postoperative neurological deficits in routine regional anaesthesia practice, 9 most likely as a result of hazardous needle-nerve contact. Indeed, a cadaveric study concluded that difficulty with ultrasound discrimination of tissue layers may contribute to sub-epineurial injection in as many as 50% of conventional intrafascial ISB procedures. 10 To explore the important relationship of needle-nerve proximity in the setting of ISB, we recently demonstrated that depositing local anaesthetics as far as 8 mm lateral to the brachial plexus sheath during US-guided ISB, can produce excellent analgesia for shoulder surgery. 11 This extrafascial injection lateral to the nerve roots increases the distance to the phrenic nerve and may therefore reduce the likelihood of its block by the local anaesthetic spread. In the present randomized controlled double-blinded trial, we tested the hypothesis that an extrafascial injection can reduce the rate of hemidiaphragmatic paresis compared with a conventional intrafascial approach, while providing similar analgesia.
Methods

Recruitment and randomization
This trial was approved by the Ethics Committee of the Lausanne University Hospital (Commission d′Ethique Romande, protocol number 465/13) and was prospectively registered on clinicaltrials.gov (NCT02074397). All patients aged 18-85 yr undergoing elective shoulder and clavicle surgery between March and December 2014 at Lausanne University Hospital, were eligible to participate in this study. Exclusion criteria included existing neurological deficit in the upper limb, history of neck surgery or radiotherapy, moderate to severe pulmonary disease, chest deformity, contraindications to peripheral nerve block (e.g. allergy to local anaesthetics, coagulopathy, infection in the area), and pregnancy. After providing written informed consent, participating patients were randomly allocated on the day of surgery to either the experimental group (extrafascial injection) or the control group (conventional injection), using a computer-generated randomization table in aggregates of 10. Assignments were concealed in a sealed opaque envelope.
Interscalene block procedure
All US-guided ISB were performed before surgery in a dedicated block procedure room. These blocks were achieved or directly supervised by one of the authors (EA) who had no further involvement in the study protocol. Patients were positioned supine with the head turned 45 degrees to the non-operative side. Electrocardiogram, pulse oximetry, and bp monitors were routinely applied, and oxygen was provided. Peripheral i.v. access was established and midazolam 1-4 mg i.v. was administered for anxiolysis and sedation as needed. The needle insertion site was sterilized with a solution of chlorhexidine 2% in isopropyl alcohol 70%. Under sterile conditions, a high-frequency linear array transducer (13-6 MHz, SonoSite S-Nerve; SonoSite, Inc, Bothell, Washington) was placed over the interscalene region, to visualize the carotid artery and brachial plexus in the short axis view. The C5, C6, and C7 roots were identified in accordance with the description of Martinoli and colleagues. 12 After infiltration of the skin with 1-3 ml of lidocaine 1%, a 22-gauge 50-mm insulated block needle (SonoPlex Stim cannula, Pajunk ® , Geisingen, Germany) was inserted, in-plane with the US beam on the lateral side of the transducer. The needle was then advanced under direct ultrasound guidance through the middle scalene muscle and toward the lateral border of the brachial plexus sheath. The brachial plexus sheath was identified as the linear hyperechoic layer surrounding the roots of the brachial plexus.
Extrafascial injection group
The final needle tip position was 4 mm lateral to the brachial plexus sheath, at a level equidistant between C5 and C6 roots. The distance of 4 mm was chosen according to the calculated success rate over 90% reported recently 11 and our daily experience in a university teaching hospital. The on-screen calliper measurement tool was used to define this distance of 4 mm, with the proximal calliper placed on the lateral border of the plexus sheath and the distal calliper extended laterally until the designated distance was reached, marking the target end point for the needle tip position (Fig. 1) .
Conventional injection group
The final needle tip position was within the brachial plexus sheath in between the C5 and C6 nerve roots. All patients received 20 ml of bupivacaine 0.5% with epinephrine 1:200 000 through the block needle, injected in 5 ml increments with intermittent aspiration. No dose adjustments were made based on patient age. The needle tip was not repositioned, except if patients complained of paraesthesia.
Intraoperative and postoperative procedure
After application of routine monitors in the operating theatre, patients received a standard general anaesthetic administered by an anaesthetist who was blinded to group allocation. Anaesthesia was induced using fentanyl 1-2 μg kg 
Block assessment and definition of successful block
Assessment of sensory and motor blocks was performed by a blinded research assistant every 5 min after local anaesthetic injection, for a total duration of 30 min. Sensory block was tested in the C5 and C6 dermatomes using a blunt tip needle pinprick test (0, no perception; 1, decreased sensation; 2, normal sensation). Motor block was tested using arm abduction (C5), and forearm flexion (C6) (incapacity to overcome gravity, 0; reduced force compared with contralateral arm, 1; no loss of force, 2). A successful block was defined as complete sensory (score, 0) and motor (score, 0) block in the distribution of the C5 and C6 nerve roots within 30 min of performing the ISB.
Hemidiaphragmatic excursion and respiratory function assessment
Hemidiaphragmatic excursion was assessed before and 30 min after the ISB procedure with a low-frequency curvilinear transducer (2-5 MHz, SonoSite S-Nerve; SonoSite, Inc, Bothell, Washington) using a subcostal approach as described previously. 15 Briefly, patients were examined in the lying position and the hemidiaphragm was identified as an hyperechoic line, with breathing-related movements using the liver or spleen as an acoustic window. The hemidiaphragmatic excursion was measured by real-time M-mode ultrasonography from the resting expiratory position to a deep and quiet inspiration (Supplementary Appendix 1).
Respiratory function was also assessed before and 30 min after the regional procedure, with a bedside spirometer (EasyOne™ Spirometer; ndd Medical Technologies, Andover, UK). After standard instructions, the patient in a sitting upright position was asked to inspire maximally and blow into the device as fast and strong as possible. The test was repeated three times and the best value was recorded.
Outcomes
The primary outcome was rate of hemidiaphragmatic paresis 30 min after the procedure, defined as hemidiaphragmatic excursion reduction superior to 75% compared with the preprocedure value. 16 17 Secondary outcomes were divided into respiratory-related outcomes, block-related outcomes, and painrelated outcomes. Respiratory-related outcomes encompassed rates of forced vital capacity, forced expiratory volume in 1 s, and peak expiratory flow, all measured 30 min after the injection. Patients were also asked whether they felt dyspnoeic. Block-related outcomes included onset times of action of sensory and motor blocks (defined as time from removal of the needle until complete loss of sensory and motor function in C5 and C6 territories); rate of successful block 30 min after the injection; rate of paraesthesia during block performance; rates of ClaudeBernard-Horner syndrome and hoarseness 30 min after the injection; and durations of sensory block (defined as time from the injection of local anaesthetic to the time the patient recovered sensation over the shoulder), and motor block (defined as time from injection of local anaesthetic to the time the patient could raise their arm). Pain-related outcomes comprised of intraoperative fentanyl consumption; time to first opioid request (defined as time from block completion to the time to first dose of i.v. morphine or oxycodone); pain scores (NRS out of 10) upon admission to Phase 1 recovery and at 24 h postoperatively; cumulative postoperative opioid consumption (converted to equivalent doses of i.v. morphine 18 ) in phase 1 recovery and at 24 h postoperatively; and satisfaction with overall anaesthetic management (NRS out of 10). In case of patients who did not require i.v. morphine or oxycodone during the first 24 postoperative h, time to first opioid request was defined as 1440 min (24 h×60 min). As per our routine institutional practice, all patients were hospitalized overnight and were evaluated at 24 h postoperatively. Patients were also contacted on postoperative day seven to capture any block-related complications such as haematoma, infection, persistent paraesthesia or weakness in the upper limb. The patients, anaesthetists in charge of the patient in the operating theatre, Phase 1 recovery nurses, ward nurses and the research assistant measuring the respiratory data and collecting all other data were blinded to the group allocation.
Sample size calculation
Based on data reported in the literature the average rate of hemidiaphragmatic paresis after ultrasound-guided ISB with a volume of 20 ml was 100%. 6 Assuming a 50% reduction rate, an alpha error of 0.05 and a power of 80%, we calculated that 16 patients would be required for each group (total 32) in order to detect a difference. Allowing for a 20% drop-out rate, we planned to recruit a total of 40 subjects.
Statistical analysis
Data were analysed on an intention-to-treat basis. Categorical variables are presented as frequencies and continuous variables 
Results
Forty patients were recruited and 39 completed the study for the primary outcome. As a result of operating theatre time constraints, the hemidiaphragmatic excursion in one patient in the extrafascial injection group was not visualized after the interscalene brachial plexus block. All patients in both groups had a successful block 30 min after the injection. Figure 2 depicts the flow chart of patients and Table 1 presents patients characteristics.
The rate of hemidiaphragmatic paresis was significantly reduced in the extrafascial injection group (21% [95% CI: 6-46%]) compared with the conventional injection group (90% [95% CI: 68-99%]; P<0.0001). Six patients in the conventional injection group complained of dyspnoea requiring no specific treatment and none in the extrafascial group (P<0.01). All other respiratory outcomes were significantly preserved in the extrafascial injection group (Table 2) .
A conventional injection was associated with a faster onset of sensory and motor block, along with increased rates of paraesthesia during the procedure and hoarseness 30 min after the procedure (Table 3 ). There were no differences in the other block-related outcomes ( Table 3) .
The Fig. 3 ). Other acute pain-related outcomes were similar between groups (Table 3) . No patients developed haematoma, infection, persistent paraesthesia or weakness in the upper limb seven days after the regional procedure.
Discussion
This double-blinded randomized controlled trial suggests that an extrafascial injection significantly reduces the rate of hemidiaphragmatic paresis and impact on respiratory function, while providing similar analgesia compared with a conventional injection for US-guided ISB. Prolonged onset times of sensory and motor blocks in the extrafascial injection group are insignificant for analgesic purposes and offset by increased rate of paraesthesia and hoarseness, while groups are equally satisfied with analgesia. Previous attempts at reducing the rate of hemidiaphragmatic paresis associated with US-guided ISB have focused on reducing the volume of local anaesthetic injected inside the brachial Respiratory complications after interscalene block | 535 plexus sheath. Investigators have reported that reducing the volume of local anaesthetic from 20 to 10 ml or 5 ml reduced the rate of hemidiaphragmatic paresis to 93% 7 or 45%, 6 respectively. In the present study, we were able to reduce the rate of hemidiaphragmatic paresis to 21% by injecting outside of the brachial plexus sheath without compromising analgesia. The concept of an extrafascial injection can be easily translated into clinical practice by respecting a short distance between the needle tip and the lateral border of the brachial plexus, while ensuring that the local anaesthetic injectate spreads towards the nerve roots. The present study is subject to several limitations. First, our results cannot be used to predict which patients are at risk to develop hemidiaphragmatic paresis despite an extrafascial injection. As this is an important consideration when performing ISB in the presence of pre-existing lung disease, our next endeavour is to define the anatomical and other patient-related characteristics that may lead to phrenic nerve block after extrafascial injection. Another limitation of this study is that hemidiaphragmatic excursion was measured only 30 min after injection of local anaesthetic, and therefore we may have failed to capture delayed-onset hemidiaphragmatic paresis. We chose to measure hemidiaphragmatic excursion at 30 min based on pertinent studies published previously. 3 6 7 Further, we did not repeat ultrasonographic hemidiaphragmatic assessment and respiratory tests after ISB and were therefore unable to determine duration of hemidiaphragmatic paresis. Next, we did not assess local muscular effects, if any, of i.m. injection within the middle scalene muscle. While we recognize that myotoxicity of bupivacaine has been well described when injected into extraocular muscles, and after repeated high volume injection in other settings, 19 20 the safety of intentional or unintentional i.m. injection of local anaesthetics in routine clinical practice has withstood the test of time. Finally, our results are not generalizable to continuous catheter-based ISB.
In conclusion, ultrasound-guided ISB with an extrafascial injection reduces rate of hemidiaphragmatic paresis and impact on respiratory function while providing similar analgesia, when compared with a conventional injection. 
